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hp: *%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∑
(p,q)∈E
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p∈V
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∑
(p,q)∈E
cpq · xpq +<,
∑
p∈V
xpq = 1 ∀q ∈ V +=,
∑
q∈V
xpq = 1 ∀p ∈ V +8,
∑
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gqp −
∑
q∈V \{0}
gpq = 1 ∀p ∈ V \{0} +46,
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∑
(p,q)∈E
cpq · xpq +43,
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p∈V
xpq = 1 ∀q ∈ V +4A,
∑
q∈V
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∑
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wkq1 = −1 ∀k ∈ V \{0} +4=,
∑
q∈V
wppq −
∑
q∈V
wpqp = 1 ∀p ∈ V \{0} +48,
wkpq ≤ xpq ∀ (p, q) ∈ E, k ∈ V \{0} +56,
xpq ∈ {0, 1} ∀ (p, q) ∈ E +54,
wkpq ≥ 0 ∀ (p, q) ∈ E, k ∈ V \{0} +55,
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, #
! -"! - 
 './.
%:
I = {1, . . . ,m}: %  * %%
F = {f, b}: %  %% %%
D%%:
bi =
⎧⎨
⎩
1,  * % i ∈ I %  %  (%' 

0, 	%
ca: '%   'C %%
c0: '%  	 '* ' 	   	  %% % 	 	 % * %
  '
ceisα: '%   %% % (α = f) ' ). [d, i, s] (s ∈ {1, 3})   %% %
(α = b) ' ). [u, i, s]  * % i ∈ I
ctiα: '%   %% % (α = f) ' ). [u, i, 1]   %% % (α = b) ' ).
[d, i, s]  * % i ∈ I
cwis: '%   s ∈ {1, 2, 3} '  s+ 1  * % i ∈ I
M :  
 + 
  )%,
 )% ' 	 '% ''  	 :
rriα =
⎧⎨
⎩
1,  ' ([r, i, α] , [r, i+ 1, α]) % '  	 
0, 	%
(i, α) ∈ (I \ {m− 1,m})× F
rwib =
⎧⎨
⎩
1,  ' ([r, i, b] , [d, i+ 1, b]) % '  	 
0, 	%
i ∈ I \ {m}
rwif =
⎧⎨
⎩
1,  ' ([r, i, f ] , [u, i+ 1, f ]) % '  	 
0, 	%
i ∈ I \ {m}
iα =
⎧⎨
⎩
1,  ' ([, i, α] , [, i− 1, α]) % '  	 
0, 	%
(i, α) ∈ ((I \ {1, 2})× F ) ∪ (2, f)
wib =
⎧⎨
⎩
1,  ' ([, i, b] , [d, i− 1, b]) % '  	 
0, 	%
i ∈ I \ {1}
   	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wif =
⎧⎨
⎩
1,  ' ([, i, f ] , [u, i− 1, f ]) % '  	 
0, 	%
i ∈ I \ {1}
eisb =
⎧⎨
⎩
1,  ' ([d, i, b] , [u, i, s]) % '  	 
0, 	%
(i, s) ∈ I × {1, 3}
eisf =
⎧⎨
⎩
1,  ' ([u, i, f ] , [d, i, s]) % '  	 
0, 	%
(i, s) ∈ I × {1, 3}
tib =
⎧⎨
⎩
1,  ' ([d, i, b] , [d, i, 1]) % '  	 
0, 	%
i ∈ I
tif =
⎧⎨
⎩
1,  ' ([u, i, f ] , [u, i, 1]) % '  	 
0, 	%
i ∈ I
wisb =
⎧⎨
⎩
1,  ' ([d, i, s] , [d, i, s+ 1]) % '  	 
0, 	%
(i, s) ∈ I × {1, 2, 3}
wisf =
⎧⎨
⎩
1,  ' ([u, i, s] , [u, i, s+ 1]) % '  	 
0, 	%
(i, s) ∈ I × {1, 2, 3}
vrib =
⎧⎨
⎩
1,  ' ([u, i, 4] , [r, i, b]) % '  	 
0, 	%
i ∈ I \ {m}
vrif =
⎧⎨
⎩
1,  ' ([d, i, 4] , [r, i, f ]) % '  	 
0, 	%
i ∈ I \ {m}
vib =
⎧⎨
⎩
1,  ' ([u, i, 4] , [, i, b]) % '  	 
0, 	%
i ∈ I \ {1}
vif =
⎧⎨
⎩
1,  ' ([d, i, 4] , [, i, f ]) % '  	 
0, 	%
i ∈ I
y0α =
⎧⎨
⎩
1,  ' ([0] , [α, 1, f ]) % '  	 
0, 	%
α ∈ {l, r, u}
y0 =
⎧⎨
⎩
1,  ' ([, 1, f ] , [0]) % '  	 
0, 	%
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)' )%  .' %%:
r˜riα, (i, α) ∈ (I \ {m− 1,m})× F
r˜wiα, (i, α) ∈ (I \ {m})× F
˜iα, (i, α) ∈ ((I \ {1, 2})× F ) ∪ (2, f)
˜wiα, (i, α) ∈ (I \ {1})× F
e˜isα, (i, s, α) ∈ I × {1, 3} × F
t˜iα, (i, α) ∈ I × F
w˜isα, (i, s, α) ∈ I × {1, 2, 3} × F
v˜riα, (i, α) ∈ (I \ {m})× F
v˜iα, (i, α) ∈ ((I \ {1})× F ) ∪ (1, f)
y˜0α, α ∈ {l, r, u}
/C) :


m−2∑
i=1
∑
α∈F
ca · (rriα + rwiα) + ca ·
∑
α∈F
rwm−1,α
+
m∑
i=3
∑
α∈F
ca · (iα + wiα
)
+ ca · 2f + ca ·
∑
α∈F
w2α
+
m∑
i=1
∑
s∈{1,3}
∑
α∈F
ceisα · eisα +
m∑
i=1
∑
α∈F
ctiα · tiα
+
m∑
i=1
3∑
s=1
∑
α∈F
cwisα · wisα +
m−1∑
i=1
∑
α∈F
ctiα · vriα
+
m∑
i=2
∑
α∈F
ctiα · viα + ct1f · v1f
+c0 · (y0l + y0r + y0u + yl0
)
+5A,
E %%:
M %% %*'  	 '*
y0l + y
0
r + y
0
u = y
l
0 +59,
   	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 	
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M %% %*'  )% [r, i, α]
rriα + r
w
iα = v
r
iα + r
r
i−1,α ∀ (i, α) ∈ (I \ {1,m− 1,m})× F +5<,
rwm−1,α = v
r
m−1,α + r
r
m−2,α ∀α ∈ F +5=,
rr1f + r
w
1f = v
r
1f + y
0
r +58,
rr1b + r
w
1b = v
r
1b +76,
M %% %*'  )% [, i, α]
iα + 
w
iα = v

iα + 

i+1,α ∀ (i, α) ∈ (I \ {1, 2,m})× F +74,
mα + 
w
mα = v

mα ∀α ∈ F +75,
2f + 
w
2f = v

2f + 

3f +77,
w2b = v

2f + 

3f +73,
y0 = y
0
 + v

1f + 

2f +7A,
M %% %*'  )% [u, i, f ] ' [d, i, b]
tiα + ei1α + ei3α = r
w
i−1,α + 
w
i+1,α ∀ (i, α) ∈ (I \ {2,m})× F +79,
tmα + em1α + em3α = r
w
m−1,α ∀α ∈ F +7<,
t1f + e11f + e13f = y
0
u + 
w
2f +7=,
t1b + e11b + e13b = 
w
2b +78,
M %% %*'  )% [u, i, 4] ' [d, i, 4]
vriα + v

iα = wi3α ∀ (i, α) ∈ (I \ {2,m})× F +36,
vmα = wm3α ∀α ∈ F +34,
vr1f + v

1f = w13f +35,
vr1b = w13b +37,
M %% %*'  )% [u, i, s] ' [d, i, s]
wi1f = t
if + ei1b ∀ i ∈ I +33,
59   	
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wi1b = t
ib + ei1f ∀ i ∈ I +3A,
wi2α = wi1α ∀ (i, α) ∈ I × F +39,
wi3f = wi2f + ei3b ∀ i ∈ I +3<,
wi3b = wi2b + ei3f ∀ i ∈ I +3=,
 
 %%:
M %% %*'  )% [r, i, α]
v˜riα + r˜
r
i−1,α − (r˜riα + r˜wiα) = rriα + rwiα ∀ (i, α) ∈ (I \ {1,m− 1,m})× F +38,
v˜rm−1,α + r˜
r
m−2,α − r˜wm−1,α = rwm−1,α ∀α ∈ F +A6,
v˜r1f + y˜
0
r −
(
r˜r1f + r˜
w
1f
)
= rr1f + r
w
1f +A4,
v˜r1b − (r˜r1b + r˜w1b) = rr1b + rw1b +A5,
M %% %*'  )% [, i, α]
v˜iα + ˜

i+1,α −
(
˜iα + ˜
w
iα
)
= iα + 
w
iα ∀ (i, α) ∈ (I \ {1, 2,m})× F +A7,
v˜mα −
(
˜mα + ˜
w
mα
)
= mα + 
w
mα ∀α ∈ F +A3,
v˜2f + ˜

3f −
(
˜2f + ˜
w
2f
)
= 2f + 
w
2f +AA,
v˜2f + ˜

3f − ˜w2b = w2b +A9,
M %% %*'  )% [u, i, f ] ' [d, i, b]
r˜wi−1,α + ˜
w
i+1,α −
(
t˜iα + e˜i1α + e˜i3α
)
= tiα + ei1α + ei3α ∀ (i, α) ∈ (I \ {2,m})× F +A<,
r˜wm−1,α −
(
t˜mα + e˜m1α + e˜m3α
)
= tmα + em1α + em3α ∀α ∈ F +A=,
y˜0u + ˜
w
2f −
(
t˜1f + e˜11f + e˜13f
)
= t1f + e11f + e13f +A8,
˜w2b −
(
t˜1b + e˜11b + e˜13b
)
= t1b + e11b + e13b +96,
M %% %*'  )% [u, i, 4] ' [d, i, 4]
w˜i3α −
(
v˜riα + v˜

iα
)
= vriα + v

iα ∀ (i, α) ∈ (I \ {2,m})× F +94,
w˜m3α − v˜mα = vmα ∀α ∈ F +95,
   	!  	
 " #$%	 5<
w˜13f −
(
v˜r1f + v˜

1f
)
= vr1f + v

1f +97,
w˜13b − v˜r1b = vr1b +93,
M %% %*'  )% [u, i, s] ' [d, i, s]
t˜if + e˜i1b − (w˜i1f ) = wi1f ∀ i ∈ I +9A,
t˜ib + e˜i1f − w˜i1b = wi1b ∀ i ∈ I +99,
w˜i1α − w˜i2α = wi2α ∀ (i, α) ∈ I × F +9<,
w˜i2f + e˜i3b − w˜i3f = wi3f ∀ i ∈ I +9=,
w˜i2b + e˜i3f − w˜i3b = wi3b ∀ i ∈ I +98,
M %%   )%
r˜riα ≤ M · rriα ∀ (i, α) ∈ (I \ {m− 1,m})× F +<6,
r˜wiα ≤ M · rwiα ∀ (i, α) ∈ (I \ {m})× F +<4,
˜iα ≤ M · iα ∀ (i, α) ∈ ((I \ {1, 2})× F ) ∪ (2, f) +<5,
˜wiα ≤ M · wiα ∀ (i, α) ∈ (I \ {1})× F +<7,
e˜isα ≤ M · eisα ∀ (i, s, α) ∈ I × {1, 3} × F +<3,
t˜iα ≤ M · tiα ∀ (i, α) ∈ I × F +<A,
w˜isα ≤ M · wisα ∀ (i, s, α) ∈ I × {1, 2, 3} × F +<9,
v˜riα ≤ M · vriα ∀ (i, α) ∈ (I \ {m})× F +<<,
v˜iα ≤ M · viα ∀ (i, α) ∈ ((I \ {1})× F ) ∪ (1, f) +<=,
y˜0α ≤ M · y0α ∀α ∈ {l, r, u} +<8,
E* % %:
y0l + y
0
r + y
0
u ≥ 1 +=6,
-
 % %%:
cei3f · (wi1f + wi3b) ≥ bi · cei3f ∀ i ∈ I +=4,
5=   	
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cei3b · (wi1b + wi3f ) ≥ bi · cei3b ∀ i ∈ I +=5,
D%%  	 '
%  	 )%:
rriα ∈ {0, 1} ∀ (i, α) ∈ (I \ {m− 1,m})× F +=7,
rwiα ∈ {0, 1} ∀ (i, α) ∈ (I \ {m})× F +=3,
iα ∈ {0, 1} ∀ (i, α) ∈ ((I \ {1, 2})× F ) ∪ (2, f) +=A,
wiα ∈ {0, 1} ∀ (i, α) ∈ (I \ {1})× F +=9,
eisα ∈ {0, 1} ∀ (i, s, α) ∈ I × {1, 3} × F +=<,
tiα ∈ {0, 1} ∀ (i, α) ∈ I × F +==,
wisα ∈ {0, 1} ∀ (i, s, α) ∈ I × {1, 2, 3} × F +=8,
vriα ∈ {0, 1} ∀ (i, α) ∈ (I \ {m})× F +86,
viα ∈ {0, 1} ∀ (i, α) ∈ ((I \ {1})× F ) ∪ (1, f) +84,
y0α ∈ {0, 1} ∀α ∈ {l, r, u} +85,
y0 ∈ {0, 1} +87,
r˜riα ≥ 0 ∀ (i, α) ∈ (I \ {m− 1,m})× F +83,
r˜wiα ≥ 0 ∀ (i, α) ∈ (I \ {m})× F +8A,
˜iα ≥ 0 ∀ (i, α) ∈ ((I \ {1, 2})× F ) ∪ (2, f) +89,
˜wiα ≥ 0 ∀ (i, α) ∈ (I \ {1})× F +8<,
e˜isα ≥ 0 ∀ (i, s, α) ∈ I × {1, 3} × F +8=,
t˜iα ≥ 0 ∀ (i, α) ∈ I × F +88,
w˜isα ≥ 0 ∀ (i, s, α) ∈ I × {1, 2, 3} × F +466,
v˜riα ≥ 0 ∀ (i, α) ∈ (I \ {m})× F +464,
v˜iα ≥ 0 ∀ (i, α) ∈ ((I \ {1})× F ) ∪ (1, f) +465,
y˜0α ≥ 0 ∀α ∈ {l, r, u} +467,
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